arterial disease responsible for bone abnormalities; (2) action of common dysmetabolic or 'toxic' factors and mechanisms acting on bones and vessels, or (3) direct or indirect influence of bone cells and metabolism on the arterial system. This short review aims to illustrate these possible mechanisms. Copyright © 2011 S. Karger AG, Basel Arterial and heart valve calcifications are commonly observed with aging and several clinical conditions such as diabetes or chronic kidney disease (CKD) and endstage renal disease (ESRD) [1] . The extent of cardiovascular calcifications in the general population, diabetic patients and kidney patients predicts subsequent cardiovascular mortality and all-cause mortality beyond established conventional risk factors [2] . Arterial calcifications develop in two distinct sites: the intima and media layers of the large and medium-sized arterial wall. Intimal calcifications are found in atherosclerotic plaques, and are associated with common atherosclerotic complications like angina pectoris, myocardial infarction or peripheral artery disease, as well as complications due to abnormal conduit function (arterial stenosis or occlusions). Medial calcifications are frequently observed with age, diabetes and CKD. They are associated with arterial stiffening characterized by increased systolic and decreased diastolic pressure. These functional changes are largely contributing to myocardial ischemia, cardiac hypertrophy
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Kidney Blood Press Res 2011; 34:203-208 204 and myocardial dysfunctions [3] . Considered as a passive process associated with cellular aging and death, recent studies have shown that arterial (and valvular) calcification is an active process similar to bone formation that is regulated by a variety of genes and proteins involved in bone metabolism [4, 5] . The calcification results from imbalance between local or systemic promoters and inhibitors with plasma constituents maintaining minerals in solution and inhibiting their deposition in tissues. This process involves transdifferentiation of vascular smooth muscle cells or pericytes into phenotypically distinct, osteoblast-like cells [6] .
There is growing clinical and experimental evidence linking bone activity and/or bone mineral density and arterial calcifications or functional abnormalities of the arterial tree. Arterial calcification and osteoporosis are frequently observed in the same subjects. Numerous population-based longitudinal studies have demonstrated associations between osteoporosis and arterial calcifications or arterial stiffness [7] [8] [9] [10] . A longitudinal population-based study has shown an association between the progression of aortic calcifications and decreased bone mineral density [7] . The same study demonstrated that the risk of vertebral or hip fracture was significantly higher in women with aortic calcifications [7] . The associations between bone mineral density or histomorphometric indices of bone activity and vascular calcifications and arterial stiffness were also observed in patients with CKD and ESRD [11] [12] [13] . An inverse correlation between coronary artery calcification score and vertebral bone mass was observed in dialysis patients [11, 12] . A high systemic arterial calcification score associated with bone histomorphometry suggestive of low bone activity was observed in hemodialysis patients [13, 14] . A significant association between arterial stiffening and low spine bone mineral density or calcaneal osteopenia was observed in CKD and hemodialysis patients [15] [16] [17] . While coronary calcification seemed more likely to be associated with low bone volumes [11, 12] , aortic calcification is associated with indices of bone turnover, increasing in the presence of low bone turnover conditions.
The biological linkage between vascular calcifications and bone changes is certainly a part of the aging process, but in many studies these bone-vascular associations remained significant after adjustment for age, which suggests an age-independent causal relationship [7, 8] . Nevertheless, the factors or mechanisms accounting for these associations are not well understood, and could result from several possibilities: (1) arterial disease responsible for bone abnormalities; (2) action of common dysmetabolic or 'toxic' factors and mechanisms acting on bones and vessels, or (3) direct or indirect influence of bone cells and metabolism on the arterial system.
Arteries as the 'Culprits' of Bone Alterations
Ischemia resulting from intraosseous atherosclerosis could account for the association between osteoporosis and decreased bone mineral density and arterial calcification. Generalized atherosclerosis also affects bone circulation, and with aging the bone arteries and arterioles are subject to arteriosclerosis with reduction in bone marrow medullary blood supply [18] . Human bone marrow atherosclerotic lesions appear earlier in femoral bone marrow blood supply than in the arteries of the brain or heart [19] . During senescence bone marrow becomes ischemic with diminished medullary blood supply to the cortex, whose blood supply is replaced by periosteal circulation ( fig. 1 ) [18] . These age-associated changes in blood supply develop in parallel with osteoporosis [20, 21] . That a link between compromised intraosseous circulation and consequent osteoporosis may exist is also suggested by the observation linking decreased bone mineral density with peripheral artery disease [22] . In healthy women, a recent study showed that bone perfusion indices were reduced in subjects with osteoporosis compared with women with osteopenia or normal bone mineral density [21] . Generalized atherosclerosis could account for the bone-vascular calcification link, but this link is usually associated with age. Epidemiological evidence shows that the correlations between bone pathology and cardiovascular events are mostly age-independent. These observations suggest common underlying mechanisms, but the nature and mechanisms responsible for bone-vascular interactions are not well understood.
Common 'Dysmetabolic' Factors Associated with Bone-Arterial Interaction
Clinical data show that osteoporosis and vascular or valvular calcifications are influenced by several common risk factors such as diabetes, dyslipidemia, oxidative stress, and advanced glycation end-product accumulation [23] [24] [25] [26] [27] . These risk factors have in common that they all converge to the final pathway, i.e., inflammation. Recent experimental studies have provided direct in vivo evidence that inflammation inversely correlates with arterial and aortic valve calcification and osteoporotic bone remodeling [28] . Molecular imaging in vivo has demonstrated inflammation-associated arterial osteogenesis in early stages of atherosclerosis [29] . Macrophage activation releases proinflammatory cytokines (IL-6 and TNF-␣ ), and proteolytic enzymes with activation of elastolysis and degradation of extracellular matrix metalloproteinases (MMP-2, MMP-9) and cathepsin S with fragmentation of elastic lamellae and release of elastin-derived peptides, promoting osteochondrocytic vascular smooth muscle cell (VSMC) transdifferentiation [29] [30] [31] [32] [33] [34] . The release of IL-6 and TNF-␣ , which are the first steps for activation of BMP2:BMP4, and Msx2, which promotes calcification by activating paracrine Wnt signals, and nuclear activation and localization of ␤ -catenin, an indispensable coregulator of the expression of Runx2, osterix, Sox9, all transcription factors, are associated with osteochondrogenic phenotypic conversion of VSMC and pericytes [32] [33] [34] . Bone loss and osteolysis is a major complication of chronic inflammatory disease such as rheumatoid arthritis. TNF-␣ is a potent osteoclastogenic cytokine. It stimulates stromal cell production of IL-1, macrophage colony-stimulating factor, and receptor activator of NF-B ligand (RANKL), which target macrophages to stimulate osteoclastic differentiation. RANKL is expressed in osteoblasts and activated T lymphocytes [35] [36] [37] . Normal bone remodeling is characterized by a balance between bone resorption by osteoclasts and bone matrix deposition by osteoblasts. This balance, which is disrupted in osteoporosis, is tightly regulated by the receptor activator of NF-B (RANK)/RANKL/osteoprotegerin (OPG) signaling pathway [35] [36] [37] . RANKL is produced by osteoblasts and activates RANK expressed in osteoclasts and osteoclast receptors by nuclear translocation of an alternative NF-B pathway. RANK activation also suppresses osteoclast apoptosis. OPG is a decoy receptor expressed by osteoblasts, which binds to RANKL and directly controls RANKL-mediated actions. OPG also binds and neutralizes the proapoptotic actions of TNF-related apoptosis-inducing ligand [35] [36] [37] . Therefore, bone remodeling is critically dependent on the RANKL/OPG ratio with imbalance and an increase in this ratio leads to excessive bone resorption as observed in osteoporosis [38] . The discovery that OPG-deficient mice develop severe arterial calcifications in conjunction with severe osteoporosis, cortical and trabecular bone porosity, and high incidence of fractures provides robust evidence pointing out the RANK-RANKL-OPG system as a possible common factor linking osteoporosis and vascular calcifications [39] . The vascular calcification observed with RANKL/OPG was attributed to elevated bone resorption with excessive release of calcium and phosphates from the bone. A recent study has demonstrated that RANKL increases vascular smooth muscle cell calcification directly throughout activation of RANK expressed in VSMC and upregulation of BMP4 providing autocrine stimulus and activation of Wnt signaling [40] . OPG and its ligand RANKL are involved in immune-induced inflammatory responses including atherosclerosis. OPG is normally expressed in VSMC and endothelial cells where RANKL is usually absent. RANKL is expressed in inflammatory cytokine macrophages, endothelium and VSMC, and can directly induce calcification a b Fig. 1 . Blood supply to human femoral diaphysis in youth and senescence [18] . a 42 years, robust medullary arteries that supply the cortex. b 65 years, dominant periosteal arterial supply with ischemic marrow and bone resorptive lacunae. Reproduced with permission of Blackwell Publishing Ltd. [18] .
by BMP4 activation [40] . OPG may limit local inflammatory responses and 'neutralize' RANKL. In vitro OPG produced by smooth muscle and endothelial cells act as an antiapoptotic factor increasing endothelial cell survival [36] . Alterations of the RANKL/OPG ratio are critical in the evaluation of the clinical impact, and high OPG-associated cardiovascular risk could represent an inadequate response of OPG to increased RANKL activity [38] . While in the general population an association between osteoporosis and AC could be observed in the absence of overt mineral metabolism disorders, in CKD/ ESRD vascular calcifications and bone disorders are associated with deterioration of mineral and bone metabolism caused by changes in serum phosphorus and calcium, and disruption of endocrine and humoral pathways including parathyroid hormone (PTH), calcitriol, FGF-23/Klotho, and others [4, 5, 41] . Experimental and clinical data indicate that hyperphosphatemia plays a direct role in osteoblast-like transformation of VSMC by the upregulation of Runx2/Cbfa1 and osterix transcription factors [4, 6] .
In patients with CKD/ESRD, the association between bone and vascular calcifications concerns several aspects of bone disorders, i.e., high bone turnover (secondary hyperparathyroidism), low bone activity (adynamic bone disease), as well as low bone volume. In secondary hyperparathyroidism, the increased bone resorption associated with endogenous release of phosphate and calcium could play a critical role in the induction of vascular calcification. Chronic elevation of PTH also upregulates RANKL and downregulates OPG gene expression and enhances the RANKL/OPG ratio [42] . The biological alterations associated with chronic elevation of PTH differ from physiological, pulsatile variations of serum PTH. Indeed Shao et al. [43] demonstrated that daily injection of teriparatide (human parathyroid hormone 1-34) inhibits osteogenic vascular calcification in diabetic low-density lipoprotein receptor-deficient mice. Using the same animal model, Cheng et al. [44] demonstrated that activation of vascular smooth muscle parathyroid hormone receptor inhibits Wnt/ ␤ -catenin signaling, which is essential for Runx2 expression and osteogenic orientation of mesenchymal cells.
In CKD/ESRD patients, arterial and valvular calcifications are more frequently observed in the presence of low bone turnover disease with a decreased osteoblast number or osteoblastic activity suggesting that osteoblasts could directly or indirectly influence vascular function and calcification.
Bone as the 'Culprit' of Arterial Alterations?
Classically known as a system providing support for locomotion and mineral homeostasis, the bone has metabolic functions interacting with whole body physiology. Several experimental studies have shown that osteoblasts are involved in the control of fat tissue metabolism and adipokine release, energy expenditure, insulin secretion and sensitivity, all factors that have a direct influence on cardiovascular function and health. Lee et al. [45] showed that osteoblasts exert an endocrine regulation on energy metabolism with osteocalcin playing an important role. Uncarboxylated osteocalcin can regulate the expression of insulin genes and ␤ -cell proliferation, adiponectin release and expression in adipocytes [46, 47] . In the general population and in CKD patients, serum osteocalcin was positively associated with adiponectin [47, 48] . Adiponectin protects arteries against hypertension, suppresses atherosclerosis and activates osteoblastogenesis [49, 50] . An inverse relationship was observed between adiponectin and osteocalcin and arterial stiffness and progression of coronary calcifications [47] . Reduced plasma levels of adiponectin are found in metabolic syndrome and type 2 diabetes. Multiple hormones involved in endocrine regulation of adipose tissue and energy metabolism could affect bone structure, including leptin. Leptin is a powerful inhibitor of bone formation in vivo [51] and favors vascular calcification [52] . In ESRD, serum leptin is increased and associated with low PTH [53] , suggesting that in ESRD leptin might reduce bone activity and promote arterial calcifications.
In conclusion, an increased number of publications on subjects from the general population and CKD/ESRD patients show a significant association between arterial pathology (atherosclerosis and arterial calcifications) and bone disorder including osteoporosis, and high or low bone activity. The pathophysiology and biological links between bone and arterial abnormalities suggest the existence of a bone-vascular cross-talk. The nature of this is not well understood: it could result from (a) action of common factors on bone remodeling and atherosclerosis/ calcification; (b) direct action of bone cells (osteoblasts/ osteocytes) on vascular biology and structure, or (c) compromised bone blood supply related to arteriosclerosis of bone vessels and reduced perfusion.
